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  INTRODUCTION  
 The epithelial lining of the intestine constitutes an anatomic 

as well as immunologic barrier that forms a bipolar interface 

between the diverse populations of luminal microbes and 

immune cells of the underlying lamina propria. The intesti-

nal epithelial cell (IEC) barrier must exert highly complex and 

dynamic functions of precise selection of luminal contents —

 excluding potential host-threatening agents while allowing host-

beneficial substances (e.g., nutrients) to permeate. Importantly, 

it must maintain hyporesponsiveness to harmless commmensals, 

but rapidly initiate controlled immune responses once luminal 

pathogens are specifically recognized. Thus, this delicate barrier 

acts as a crucial gatekeeper toward the  “ outside world ”  as well 

as essential coordinator of immediate host defenses to maintain 

mucosal immune homeostasis. 

 IEC maintains close contact with each other through the for-

mation of tight junctions (TJs). Increased epithelial permeabil-

ity due to TJ alterations may initiate and perpetuate intestinal 

inflammation in human inflammatory bowel diseases (IBDs) 1,2  

as well as some murine models of colitis that resemble, in certain 

aspects, human IBD (including dextran sulfate sodium (DSS) 

colitis). 3  By crossing such leaky IEC barriers, luminal antigens 

can gain access to the subjacent lamina propria that result in 

chronic activation of T cells and disturbance of the natural 

tolerance mediated by regulatory T cells and immunosuppres-

sive cytokines. 4  In contrast, TJ preservation and reassembly may 

significantly enhance IEC barrier function, thus essentially con-

tributing to protection of the underlying lamina propria from 

invasion of detrimental antigens. For instance, glucocorticoids, 

which are successful in human IBD therapy, have been shown 

to modulate TJs associated with induction of retightening and 

restitution of the intestinal TJ barrier defect in Crohn’s disease 

patients through their direct stimulatory effects on MLCK. 5  

Emerging evidence exists that commensals directly assist the 

host to strengthen IEC barrier function thus efficiently inhibit-

ing bacterial invasion and consequently attenuation of intesti-

nal inflammation in IBD. 6 – 8  To further understand the precise 

innate immune mechanisms of such commensal-mediated IEC-

protective key features that critically maintain TJ-associated bar-

rier homeostasis, our group has recently pursued a sequence 

of experimental studies, 9 – 12  which is briefly summarized and 

discussed here within the context of the current literature. 

  CELL-SPECIFIC TLR2 SIGNALING IN THE INTESTINAL MUCOSA  
 Toll-like receptors (TLRs) comprise a class of transmembrane 

pattern-recognition receptors that play a key role in micro-

bial recognition, induction of antimicrobial genes, and control of 

adaptive immune responses. 13  TLRs are type I transmembrane 
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glycoproteins with a single transmembrane region and a con-

served intracellular domain. 14  TLR2, one member of the TLR 

family, recognizes conserved molecular patterns associated 

with both Gram-negative and Gram-positive bacteria, includ-

ing lipopeptides / lipoproteins, lipoteichoic acid, zymosan, and 

components of peptidoglycan. Triacylated lipopeptides are rec-

ognized by TLR2 / TLR1    −    , whereas diacylated lipopeptides use 

TLR2 / TLR6 heteromers for signaling. The synthetic triacylated 

lipohexapeptide analog  N -palmitoyl- S -[2,3 – bis(palmitoyloxy)-

(2RS)-propyl]-(R)-cysteinyl-seryl-(lysyl)3 – lysine] 15  (Pam 3 Cys-

SK4, named hereafter PCSK) represents an example for a 

specific TLR2 ligand, which in part signals through TLR1, but 

independently of TLR6. 16  Binding of PCSK to TLR2 occurs in 

a lipid-binding pocket that is formed at the convex face of the 

junction between the central and C-terminal LRR domains and 

that accommodates the two ester-bound lipid chains of PCSK. 17  

The third amide-bound lipid chain of PCSK may be inserted into 

a hydrophobic channel in TLR1. PCSK-induced formation of the 

TLR1 – TLR2 heterodimer facilitates TIR domain activation and 

subsequent downstream signaling. Interaction with non-TLR 

receptors may further diversify the ligand recognition potential 

of TLR2, including dectin-1 18  or CD36. 19  

 TLR2 is differentially expressed by many distinct cell types 

throughout the healthy gastrointestinal tract, including IEC 9  and 

certain subsets of lamina propria mononuclear cells (LMPNC; 

 Figure 1 ). Novel risk variants in the TLR1, TLR2, and TLR6 

genes have been associated with a more severe disease pheno-

type in IBD patients of a selective Belgian population, 20  yet their 

functional impact on disease pathogenesis remains unresolved. 

There is emerging evidence that cell-type-specific differences 

in modulation, signaling and functional effects of TLR2 within 

the intestinal mucosa exist ( Figure 2 ). Upon ligand recogni-

tion, tyrosine phosphorylation of TLR2 leads to assembly of a 

multiprotein complex that includes Rac1 and phosphatidylinosi-

tol 3-kinase (PI3K) in primary immune cells 21  in the lamina 

propria. Downstream cascades involve recruitment of the 

cytoplasmic adaptor proteins Mal and MyD88 to the TLR2 com-

plex, 22  which results in activation of nuclear factor- � B (NF- � B) and 

subsequent production of many cytokines and chemokines. 

TLR2-mediated induction of NF � B may be further enhanced 

by the scaffold protein AKAP13. 23  TLR2 is a potent inducer 

of anti-inflammatory interleukin-10 (IL-10), which critically 

inhibits multiple macrophage and dendritic cell (DC) effector 

functions, thus limiting exaggerated immune responses. IL-

10 also abolishes chronic inflammation-related endoplasmic 

stress response mechanisms by modulating ATF-6 transcrip-

tional activity. 24  Importantly, TLR2-induced IL-10 secretion 

may modulate cell signaling through other TLRs. For instance, 

enhanced IL-10 production by TLR2-primed DCs abolishes 

TLR3 / 4-mediated production of proinflammatory IP-10 and 

IL-12p35, 25  but further amplifies IL-10 production upon TLR4 

restimulation. 26  In addition, TLR2 also activates regulatory T cells 

via PI3K to secrete transforming growth factor- � , 27  which is essen-

tial for tissue healing and epithelial restitution in the intestine. In 

contrast, in isolated mouse splenocytes, TLR2 stimulation has been 

shown to directly induce T H 1-mediated immune responses, 28  but 

the effects of local engagement of TLR2 on effector T cells in the 

lamina propria remain to be delineated in detail. TLR2 signaling 

may be negatively influenced by alterations of coexistent pattern-

recognition receptors. Presence of a CARD15 mutation — which has 

been shown to be associated with increased Crohn ’ s disease suscep-

tibility — imbalances TLR2-mediated NF � B activation in antigen-

presenting cells, thus leading to mucosal inflammation through 

exaggerated interferon- � , IL-12, and IL-23 production, 29  which in 

turn may further suppress mucosal TLR2-mediated anti-inflamma-

tory IL-10 production via paracrine loops. 30  

  TLR2-MEDIATED IEC BARRIER INTEGRITY  
 In contrast to lamina propria mononuclear cells (LPMNC), 

the intestinal epithelium is constantly exposed to omnipresent 

TLR2 ligands. Potential proinflammatory responses via TLR2-

NF � B are instantly suppressed by diverse mechanisms, such as 

  Figure 1        Toll-like receptor 2 (TLR2) protein expression in intestinal epithelial cells (IEC) and lamina propria mononuclear cells (LPMNC) of healthy 
mouse gastrointestinal mucosa. TLR2 (fluorescein isothyocyanate; FITC) is constitutively expressed in IEC (arrow) or LPMNC (star) in colons of 
healthy wild-type (WT) but not TLR2-deficient mice, as assessed by confocal immunofluorescence analysis of methanol / acetone-fixed frozen sections 
( × 63 / 1.4, oil, scan zoom 1.0). Nuclei were counterstained with propidium iodide (rhodamine).  
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high levels of Tollip, activation of the PI3K / Akt pathway, and 

A20. 8,10,12,31,32  In a series of studies, we have recently demon-

strated that intestinal epithelial TLR2 signals, through different 

pathways, eliciting immune responses which ideally reflect the 

functional necessities at this strategic location of frontline host 

defense to primarily protect barrier function ( Figure 2 ). 

 Initially, we have observed that TLR2 stimulation selectively 

enhances transepithelial resistance (an essential measure of bar-

rier integrity) of IEC monolayers  in vitro , which was prevented 

by pretreatment with protein kinase C (PKC)-selective antago-

nists. 11  This effect correlated with PKC �  /  � -mediated apical tight-

ening and sealing of zonula occludens-1 (ZO-1), which serves as 

a major scaffolding TJ protein, cross-linking claudins, occludins, 

and the E-cadherin / catenin complex with the actinomyosin ring 

of the epithelial cell. 33,34  Both PKC isoforms are known to spe-

cifically interact with PI3K / Akt activity. 35  Indeed, in parallel to 

PKC phosphorylation, the Akt � p70S6K � ribosomal protein 

S6-pathway was significantly induced in response to selective 

TLR2 ligands. Using an ex vivo 3D-culture model of primary 

murine IEC on Matrigel, we functionally demonstrated that 

TLR2 stimulation efficiently preserves ZO-1-associated barrier 

integrity of IEC against stress-induced damage, which was criti-

cally controlled by the PI3K / Akt-pathway via MyD88. 12  

 Entire loss of TLR2 has previously been shown to lead to dramatic 

exacerbation of intestinal inflammation in DSS colitis with high 

morbidity and mortality, 12,36  suggesting that TLR2 signaling may exert 

important, yet to be identified, immune-protective responses in the 

intestinal mucosa. Consequently, we demonstrated 12  that commen-

sal-mediated TJ protection of the intestinal epithelial barrier is pri-

marily impaired in the absence of TLR2 in DSS colitis. Inflammatory 

stress in mice, deficient of TLR2, induced early and complete TJ-loss 

of the intestinal epithelial barrier, which was not evident in wild-type 

mice. ZO-1 disassembly was associated with marked disruption of 

E-cadherin from cell – cell adhesion contacts. Deficient PI3K / Akt 

signaling and loss of junctional anchorage in the absence of TLR2 

resulted in subsequent apoptotic shedding of IEC, thus increas-

ing barrier permeability and aggravating mucosal inflamma-

tion. These findings have recently been confirmed in another 

murine model of intestinal epithelial barrier injury. 37  TLR2-

deficient mice, infected with the bacterial pathogen  Citrobacter 

rodentium , suffered a lethal colitis coincident with severe defects in 

TJ-associated IEC integrity. 

 We next tested whether  in vivo  TLR2 stimulation exerts spe-

cific TJ-protective effects in the intestinal epithelium, which 

could be used to treat stress-induced barrier damage in murine 

colitis. 12  After DSS termination on day 6, we administered a 

TLR2 ligand orally in drinking water for 4 or 6 subsequent 

days. TLR2-treatment significantly ameliorated all clinical 

signs of DSS-induced colonic inflammation (including weight 

loss, rectal bleeding, and mortality), whereas DSS-control mice 

    Figure 2        Current concept of physiological effects of mucosal barrier-protective Toll-like receptor 2 (TLR2) in the healthy gastrointestinal tract. To 
maintain commensal and mucosal homeostasis, mucosal TLR2 exerts several cell-type-specific features of barrier protection. Intestinal epithelial TLR2 
critically controls mucosal inflammation by directly preserving tight junction (TJ)-associated barrier integrity at the frontline of host defense. In addition, 
dendritic cell TLR2 engagement promotes antigen capture and processing. TLR2 also modulates regulatory T cells by controlling adaptive immune 
responses. ( a ) In intestinal epithelial cells, TLR2 stimulation efficiently preserves zonula occludens-1 (ZO-1)-associated barrier integrity against 
stress-induced damage, which is controlled by positive signaling crosstalk between PI3K-Akt and conventional protein kinase C (PKC) isoforms via 
MyD88. In parallel, the PI3K / Akt pathway limits proinflammatory TLR2-signaling through the Mapk-NF � B pathway. ( b ) In lamina propria mononuclear 
cells (LPMNC), tyrosine-phosphorylated TLR2-TLR1 or TLR2-TLR6 receptor complexes activate signaling events via Rac1 and phosphatidylinositol 
3-kinase (PI3K). Downstream recruitment of the adaptor proteins Mal or MyD88 lead to diverse immune responses through cytokine production 
(such as anti-inflammatory interleukin-10 (IL-10)) via transcriptional activation of nuclear factor- � B (NF � B). ( c ) In antigen-presenting cells, TLR2-NF � B 
signaling may be altered by CARD15 mutations, leading to exaggerated immune responses through proinflammatory cytokine production (such as 
IL-12 or interferon- �  (IFN � )). Further studies are needed to dissect in detail the complex cell – cell interactions and signaling effects via TLR2 within the 
intestinal mucosal barrier in health versus disease. IEC, intestinal epithelial cell; TGF � , transforming growth factor- � ; TNF � , tumor-necrosis factor- � .  
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showed marked colitis-associated signs on day 12. The TLR2 

ligand PCSK attenuated severity of DSS colitis as assessed 

by any of the several parameters including colon length and 

histopathology. Mechanistically, PCSK-mediated clinical amel-

ioration correlated with significant TJ preservation and decrease 

of intestinal permeability. Intestinal epithelial ZO-1 architecture 

was substantially preserved, even in close proximity to inflamma-

tory infiltrates, and serum levels of fluorescein isothyocyanate-

dextran were significantly lower in those DSS mice treated with 

PCSK — comparable to healthy mice. In contrast, DSS-control 

mice without PCSK therapy showed significant loss of asso-

ciation and disruption of ZO-1 from the lateral TJ membrane 

in regenerating IEC and increased serum levels of fluorescein 

isothyocyanate-dextran. No significant apoptosis was observed 

in regenerating IEC of either DSS-alone or PCSK-treated DSS 

mice. Collectively, these studies 11,12  imply that functional TLR2 is 

necessary to preserve intestinal epithelial TJ-associated integrity 

against toxic or inflammatory stress-induced damage indicating 

that the host injury response requires stimulation by microbe-

generated products to actively maintain epithelial barrier home-

ostasis  in vivo . 

 However, it is unlikely that TLR2 stimulation opposes mucosal 

inflammation solely through its effects on IEC. TLR2 is func-

tionally expressed by many cells within the intestinal mucosa 

( Figure 2 ). Injection of TLR2 ligands into the gut lumen has 

been shown to induce migration of subepithelial DCs and pro-

mote antigen capture by follicle-associated epithelium. 38 As 

outlined above,TLR2-mediated IL-10 production in LPMNC 

represents an additional key homeostatic mechanism that criti-

cally serves to limit proinflammatory cytokine production and 

tissue damage in the intestinal mucosa. In fact, it has recently 

been demonstrated that oral administration of LcrV-secret-

ing Lactococcus lactis induces IL-10 via TLR2, thus preventing 

immune-mediated 2,4,6-trinitrobenzene sulfonic acid colitis,39 

yet the major cellular target of TLR2 remains to be identified. 

TLR2 also positively modulates regulatory T cells in the intesti-

nal mucosa. TLR2-stimulated CD4    +     CD25    +     regulatory T cells 

have been shown to ameliorate spontaneous colitis induced by 

effector T cells in severe combined immunodeficient mice. 40  

Yet, the role of TLR2 signaling and its adaptor molecule MyD88 

in distinct induction of T H 1 / T H 2 immune responses appears to 

be ambiguous. 41 – 43  Taken together, one must acknowledge that 

the barrier-protective mechanisms via intestinal epithelial TLR2 

may be supplemented by anti-inflammatory effects of distinct 

immune cell-cell crosstalks in the subjacent submucosa, which 

need to be further defined in future studies. 

  CONCLUSION  
 Our studies collectively provided first evidence of TLR2-medi-

ated control of mucosal inflammation by regulating TJ-asso-

ciated intestinal epithelial barrier integrity. TLR2 stimulation 

directly enhances IEC barrier function via certain PKC iso-

forms  in vitro . TLR2 deficiency predisposes to stress-induced 

injury of TJ-modulated barrier function leading to perpetua-

tion of mucosal inflammation and apoptosis. TLR2-induced 

TJ modulation strongly interrelates with promotion of IEC 

survival through the PI3K / Akt-pathway. Finally, these stud-

ies imply that TLR2 represents a potential therapeutic target 

for the treatment of gastrointestinal disorders, 44  in which 

TJ-associated intestinal epithelial barrier disruption may 

represent a predominant pathogenetic feature.    
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